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ABSTRACT 

A simplified model of the rainfall mechanism is used as a guide in developing a statistical formula, with readily 
measured variables as arguments, for forecasting precipitation amounts in winter at Washington, D. C. The skill 
of the forecasting method is tested on independent data  and for snow cases. To  si~iiplify computations involved in 
using the formula, a nomograph is devised. Suggestions are given for further work on the method. 

INTRODUCTION 
This study is aimed a t  developing.- a logical nlethod 

of forecasting the amount of precipitat,ion that will fall a t  
Washington, D. C. The technique employed is t,o use 
a simplified model of the ra.infall mechanism as a guide in 
developing a statistical forecasting formula which iise,s 
readily measured variables as arguments. Only the wint.er 
season is treated ancl the forecast is for the period OS00 to 
2000 EST, the forecast period usually t>ernied "t,od:1,y". 
The data used in making the forecast a.re rest'rictetl t.0 
those available to t'he forecast,er a t  0130 EST; t,he 
precipitation amount referred to is that recorded in inches 
by the rain gage at  Washingt,on National Airport during 
the period for which the forecast is macle. 

THEORETICAL BACKGROUND 
The exact mechanism by which moisture is condensed 

and precipihted from the atmosphere is not completely 
understood. Fulks [I] analyzed a situation in which it) 
was assumed that all condensed water was precipitated 
and that the verticd velocity aiicl the verticnl distribut'ion 
of moisture were known. The derivation is admittedly 
an  over-simplified one which ignores the problenis of t,he 
variation in intensity of precipitat,ion ancl the controversial 
subject of colloidal instability, as well as the problem 
of evaporation. Nevert,heless, FulBs' work provides a 
starting point in devising a systematic method for fore- 
casting precipitation. Holmboe, Forsybhe, and Gustin [3] 
present an excellent re-analysis of Fulks' work. They 
set forth the following formula for computing the rate 
of precipitat,ion in millimeters pe,r hour: 

Ha AH Precipitation rate = WP - 
HI 100 

W is the average vertical velocity through a saturated 
layer of air. 

P is the rate of precipitation from a saturat,ed layer 
of air ascending with a unit of vertical velocity and 
is essentially a function of the pressure and 
mixing ratio. 

1 Now 3t New York University, New York, N. Y. 
8 6 0 0 6 3 4 9 - - - 1  

AH is the thickiiess of R subla.yer. of saturat'ed air. 
HI and H2 are the lower and upper heights respec,tively, 

AH of the layer over which the quantity WP ~ 100 
is summed. 

Since only the form of t'liis equation is considered in this 
study, and no computations are nmcie, it is not necessary 
to ent'er into any discussion of units. 

Tlie form of this equa,tioii indicates t,hnt the precipita-. 
bioii is a function of the amount of nioist'ure availnble and 
the vertical velocity of t,he air. Fletcher [ 3 ]  and Showa,lter 
[4] have suggested forniulae similar t o  this in stmudies of 
precipitation amounts. Realistic computations of t'he 
concurrent vertica.1 velocity are not feasible, ancl it would 
be impractical t80 compute, from theory now availal>le, 
a forecast of the vertical velocity. The problem of making 
a forecast of the distribution of moisture and the layers 
where t,he air will be saturabed is fully as difficult a.s t,he 
problem of forecasting vertical ve,locit,y. I n  order to 
circumvent t,hese t8heoret8ical difficulties the statistical 
approach may be used; t'liat is, variables which should be 
related to P and W may be measured from weather 
charts and correlated with precipibation amounts 'in t'he 
manner suggested by the formula. 

TYPING SYSTEM 

I n  order to recliicc t,he number of cases t,o be handled 
in the sta.tist,ical analysis of the cla.ta, a typing system wa,s 
devised. The f i s t  factor to be considered, following 
Brier [5], was the occurrence or nonoccurrence of pre- 
cipitation upstream from Wa,shingt,on. This denotes t,he 
presence or absence of a precipita.t'ion mec.hanism in a 
posit,ion from which it is likely to move toward Washing- 
ton. On the original sample of data selected for study, 
t'here were 113 cases in which the 700-nib. contour through 
Washington did not cross over a rain area on the surface 
map between a point 3' of latitude upstream from Wash- 
ington and 95' west longitude. Of these 113 cases, 108 
did not result in precipitat,ion a t  Washington during t8he 
specified forecast period. The heaviest amount among 
the 5 cases which did result in precipitation showed east- 
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erly flow at' the surface a t  Washington and southerly flow 
aloft, a condition that Brier found very useful in pre.dict- 
ing Washington wint,er precipitation. Tlie cla t,a were 
t,herefore c1ivicle.d into two types by the following crit,eria. 

Precipitation Type.-The upwind exte,nsion of the 700 
mb. contour line through Washingt#on crosses an act8ive 
precipit,ation area on the 0130 EST surface map betxeen 
a point So upwind and 95' west longitude, or a combina- 
tion of a.n easterly surface wind with a, southerly 700 nib. 
wind is found a t  Wn.shington. 

No-precipitation Type.-Neither of the above coiidit,ions 
is met. 

I n  t8he No-prccipit,ation Type only 3.6 percent of the 
cases resulted in precipitat,ion during t>lie forecast period 
and therefore t'liis type was not further considered. The 
Precipitation Type was cliaract,e,rizetl by result,ant pre- 
cipitation in 45.5 percent of the cases and is the type for 
wliich a stat8ist8ical formula was developed. 

VARIABLES 

Tlie next st,ep was the select,ion of readily measured 
variables t,liat. are related t'o P and W in Fullrs' formula.. 
P is essentially a function of pressure and mixing rattio 
[2] ;  it is a single valued fuiict'ioii of t,he mixing ratio a.t, 
const,ant, pressure. If i t  is assumed bliat t,he mixing ratio 
a t  sonie constant pressure surface is a good i n k  of the 
moist>ure in t>he satmurated laye,r, and if a s.clieiiie coulcl be 
devised to locate a point where this misiiig ratio woulcl 
represent, tdie air crossing a stat,ion during n given period, 
the mixing rat8io coulcl be combined with a 1iiensiu.e of tdie 
vert,ical velocity t'o yield an estimate of tlie precipitat,ion 
to be expected. 

In  order to estimate t,his mixing rat8io, a vsriahle Q was 
defined by t,he following procedure. The geostrophic 
wind at the 700 mb. surface was computed a t  Washington. 
A distance equal to 12 hours' t8ravel a t  t,liis speed wa.s 
measured along the ups treain estension of the '700-1iib. 
contour line tlirough Washington. If t81iere WRS obviously 
a large change in gradient upstream from Wa.sliington, 
the 12 hours' t>ravel was computed in two steps using 6 
hours' travel clist'ance from Washington to a point,, and 
then measuring 6 hours' t>ravel distance fart,lier upst8renm 
at the rate of the current geostrophic wind computed a t  
that point. The mixing ratio at 850 nib. was re,ad under 
the upwind terminus of the 700-mh. 12-hour geost>rophic 
travel; this mixing mt>io is the variable Q. Tlie process 
of moving upstream a distance equal to 12 hours' travel 
and t81ien using tlie mising ratio uncler that point gives 
an approximation of the three-dimensional t,ra.jectory of 
the air. The variable Q is direct,ly proportmionad to P, 
since it is a mixing ratio measured in a. constn.nt pressure 
surface. 

In  a paper on vertical velocity Miller [GI sliott7s that there 
is a correlation between t,lie southerly horizontal wind 
component and the vertical motion. As a measure of t,he 
vertical motion to be expeched at Washington the variable 
G was devised. G is defined by z c H s ~ z m t n  w h r e  ZcHs is 
tlie height of the 850 mb. surface over Charleston, S. C., 
Zmtn is bhe lowest height of the 850 nib. surface along a 
line between Charleston and Little Rock, Ark., except 
that when Charleston re,ports the lowest pressure along 
the line, t,lie height at Litt,le Rock is used as Zmtn. D is 
the distance from Charleston to the point of Zmh. G is 
expressed in tens of feet per degree of lat,itude, and as a 
measure of s o u h r l y  wind component, should be rela.ted 
to the vertical velocity in sucli a innliner t1ia.b large posit,ive 
values of G correspond to large upward ve,locit,m. 

Another variable, useful in estiniatiiig the expected 
vertical velocity, was consiclered advisable. In n study of 
Wasliington winter precipitation Brier [5] used a variable 
that lie denoted by L. This variable is the lowest latitude 
reached by the upwind extension of the 700-mb. contour 
line though Washington he tween ITA ant1 9 5 O  west longi- 
tude, except that if WVA is a t  the point of lowest lntitucle, L 
is definetl as tlie latitude of the intersection of tlie contour 
line through Washington anti 9 5 O  west longitude. It is 
measured in degrees of latitude from the equator. The 
success of this vitrinble is, a t  le& in part, clue to the fact 
that i t  inensures tlie southerly coinponeiit of tlie wind to 
be expected a t  Washington, and hence is a measure of the 
vertical velocity. Since the southerly component will be 
greatest when the latitude is lowest, L slioulcl be related 
to the vertical velocity in such n manner that sinal1 values 
of L correspond to large upward velocities. 

There is no variable in this study to measure tlie thick- 
ness of the saturated layer, AH. This may reduce tlie 
effectiveness of the system; however, since the variables 
are approsim:ttions, it is felt that the lack of such a measure 
will not materially affect the resu1t)s. 

FORM OF RELATIONSHIP 

Two variables, 1/L and G, have been defined wliich 
slioulcl be proport,ional t,o t8he vertical ve1ocit)y over Wash- 
ingt80n during tlie forecast period. The assumption that 
t.liese slioulcl be combined as a weighted mean seems to 
be most consistent as an a.pproximat,ion of W rvliich is 
defiiiecl as the mean vertical velocit,y of the saturated 
layer. From Fulks' formula it can he. seen that Q should 
be niult.iplied by the verticd velocity term. Thus, 
considering t,he forecast period as a unit of time, 

Precipifa.tion a Q(l/L+ G) 

Realizing tlin.tJ t,he vertical velocity components should 
probul~ly not  be equally weighted, and t'lint constant's of 
conversion and proportionadity are involved, the forniula, 

Precipitation = a. 4- b Q/L+ cQG 

was fitted to t$e data for the t8wo winkrs 1914-45 and 
1945-46. Tlie mathematical fit by tlie least squares 
method yielded the following values for n, b, and c:  

a,= -.066 inc.hes 
b= 1.57 incliesxdegrees latitude 
c= .0055 iiichesXde.gree,s Iat~itude./lO's of feet. 

These coilstants give a fore.cast8 in inches of precipit,ation 
for t$e period. When t,lie results of applying this formula 
to the Precipitation Type of the original clat8a me,re broken 
down into cat,egorical forecasts, i t  was found t,hnt it 
showed little skill in sepamt,ing the rain amount's within 
cat,egories. See table 1. 

A plot of t.lie vslues of Q/L Rpainst QG (fig. 1) with 
precipitat,ion values ente,recl in t,lie body of the chart' 
indicnt,es t,liat a bet,ter job may be clone on the categorical 
forecasts. 

Whereas tlie least square fit reduces the square of t,hc 
errors to a minimum, it is not, necessarily the liest, forecast 
equation. It is desirable to niiniinize the error, but for 
large errors, it makes litt81e difference if the error is .50 in. 
or .GO in., and large errors are heavily weiglit'ed by least, 
squares. On t,lie ot81ier hancl, it is probably better t'o 
forecast a great number of no-precipitation cases and 
accept n few light precipitation cases as errors, than t o  
forecast a large number of small amount,s and amept 
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-6.2 0 6.2 12.4 18.6 24.8 31.0 37.2 43.4 49.6 

OG 
FIGURE 1.-A plot of Q/L sgaiinst QO with precipitation amounts entered nt each point. No measurable precipitation is indicated by a cross. The lines represent the sutJjjcctirelg 

fitted Eilnne. 
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0 .._._._____ 

___- 
0.01-.lo ..... 

O R S E R V E D  ____ 
0.11-.30 ..... 
~ _ _  

many zeros as errors. Therefore a second forecast 
formula was derived subjectively by fitting a plane to 
the data in figure 1. This plane was fit8t,ed by &st draw- 
ing the line which seemed t80 separat'e the ln,r.rge majority 
of the cases of no measurable precipit'ation from the rest 
of the data aud then drawing a .30-in. line parallel to i t  
through an area where the average precipitation was .30 
in. Using three points taken from t,hese two lines the 
following formula was fitted: 

Precipitation= 1.35 Q/L+.Olll QG- .10 

The constants have the same dimensions as for the 
mathematically fitted equation. 

0 - 
22 

2 
__ 

0 

RESULTS OF TESTS 

In addition to the data for the winters of 1943-44 and 
1944-45 which were used to derive the typing system and 
to evaluate the constants in the formulae, the method 
was tested on the data for the winter of 1945-46. The 
most convenient way to present the results of these 
tests is by contingency tables which indicate how well 
the method discrminates among the various classes of 
precipitation amounts. The originnl data were used to 
determine the class intervnls or categories. The first 
category includes all those cases where no mensurable 
precipitation fell during the verification period. The 
remaining categories divide the observed precipitation 
amounts into groups so that there are a t  least 10 cases 
in each group and the groups contain approximately the 
sttine nuinher of cases. The purpose of this systeiii of 
classification was to obtain n lnrgc cnough sample in each 
category to estimate the skill of the method. 

A coinparison of tables 1 and 2 (a) brings out the 
improvement in the categorical forecasts due to the 
subjectively fitted equation. Tables 2 (a) and 2 (b) 
show that the formula fits the Precipitation Type on the 
test, data nlmost, as well as it does on the original. Table 
3 shows the distribution of precipitation amounts which 
occurred in the No-precipitation Type cases of the test 
datn. It indicates that the stratification developed from 
the original data does alinost as well on the test data. 
Tables 4 (a) and 4 (b) show what might be achieved by 
daily use of the method. For the purpose of this compnri- 
son all the No-precipitation Type cases \;-ere forecast to 
give no precipitation. Tables 5 (a) and 5 (b) indicate 
the skill of the nicthod in cliscriminating between pre- 
cipitation and no-prccipita tion cnses. 

Q Percent correct=5Q 

10 Skill SCOW=.42 

--- +-I- 

TABLE I.-Four category contingriiry tables showing the results of 
applying the iuathenratically jiitrd equation to the P r e c i p i t d o n  
Type  cases of the original data: the minters of 1943-44 and 1944-45 

EOILECAST 

I 0 10.01-.10 0 11 30 >0.30 Total I . - . I  I 

0.11-.xo ..... 

>0.30 .._... 

0 0 3 3 I; Skill score=.3!3 
_ _ _ - - ~ - -  

0 1 0 4 5 ----- 

TABLE 2.-Contingency tables showing the results of applying the 
subjectively fitted formula to the Precipitation Type  cases 

(a)  Original data: the winters of 1943-44 and 1944-45 

0 ____.._._. 

o.ol-.lo.~.. 

0.11-.30-.-. 

>0.30 _____. 

Total ... 

OBSERVED ___ 

QORECbST 

57 3 2 13.1 
___-___--- 

2 4 4 3 1% Percent correet=75 

3 0 3 3 9 Skill score=.49 

- - - - - 

~ _ _ - - - -  
0 1 0 4  5 ----- 

62 I 8 9 11 90 

0 __.____.... 

0.01-.10 - - -  

0.11-.30.. - 

>0.30 ___.._ 

O B S E R V E D  ~ 

Total.. 

0.01-.10 

15 15 G 0 36 
~ _ _ _ _ _ - - -  

2 1 5 1 5 
Pweent correct=42 

Skill score-22 

- - - - - 
0 0 6 4 10 

0 1 4 G 11 

17 17 I 21 11 66 

--__--- 

----- 

9 

2 

0 

0.11-.30 >O 70 Totd  I " I 
6 1 0 I 36 

(b) Test data: the winter of 1945-46 
FORECAST 

T o t L . l  11 I 8 I 9 I 11 I 39 

TABLE 3.-The distribution of precipitation amounts in the No- 
Precipiiution Type  cases of the test &fa: the winter of 1946-46 

Categories .______._____.._..._-----...--...------ 0 0.01- 10 0.11- 30 Total 

Number of w b e s  observed _._....___._.___________ I 47 1 1 I 3 I 51 
Pcict ntnge of c w s  with precip!tnti~in=7.8 

TABLE 4.-C'ontingency tables showing the results of applying the 
forecasting ttzethod to the entire sample 

(a)  Original data: the winters of 1943-44 nrd  1944-45 

IO. 01-. io  10. 11-. 30 I >n. 30 I T O ~ J I  
F 0 RE C A S T 

I o 

0.01-.IO ..... ? 3 2 11 Percent correct=€2 
- - - 

7 3 l? Skill score=.5? 

>0.30-.. .-. 2 8 11 
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No Precip _ _ _ _ _ _ _ _ _  

Precip. __________. 

ORSERVED 

Total. - - _.__ 
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130 14 114 
Percent correct=69 

6 2s 34 
- Skill score = .67 

136 42 176 

TABLE 5.-Two category contingency tables showing the results of using 
the forecasting method to discriminate between Precipitation and no 
precipitation 

( a )  Original data: ihe winters of 1949-44 and 1944-45 

I No Precip. I Precip. I Total 
FORECAST 

.130-- 

.EO-- 

.110-- 

100- 

.OW-- 

.om-- 

. O l e -  

.060-- 

.050-- 

.040-- 

.030-- 

.Om- 

7 .0111G 

.om-- 

.ooo-- 

APPLICATION TO SNOW CASES 

Re@. 
0- 

.IO-- 

.20-- 

.30-- 

.40-- 

50- 

60.- 

TO- 
P 

Because of the great economic importance of heavy 
snow i t  is of interest to examine the results of this formula 
as applied to the cases of snow a t  Washington. Because 
snow is less frequent t,han rain, both samples of data 
were combined and all the snow cases were collected. 
\Then the computed amount of precipitation was corre- 
lated with the observed amounts for the twelve snow 
cases a correlation coefficient of .84 was obtained. Table 
6 is a catalogue of these cases. This indicates that the 
formula does as well forecasting the precipitation amounts 
for snow as it does the amounts of rain. 

G 

7- 

6-- 

5- 

4- 

3- 

e-- 

I -- 

O-- 

-I 

-e-- 

-3-- 

m R 

TABLE 6.--A comparison of the observed and computed precipitation 
amounts far the 18 cases, wherein the precipitation fell as snow in 
the 3 winters 194s-44, 1944-46, and 1940’-& 

Precipitatlon amounts (inches) 

- 

-- 

Precip.. ______. _ _  - 6 21 26 Observed _ _ _ _ _ _  0.M 0.02 0.03 0.01 0.30 0.07 0.29 0.05 0.03 0.01 0.44 
Forecast ___._._ I . ? 5 1 0  10  10  1 . 2 6 /  .021  . l l /  .IN/ . O B I  . 0 4 1  .33 1 62 1 28 1; Skillscore=.GB 

Total.. -. . _ _  

- 

- 

I 

2Q 

-250 

-do0 

--350 

-400 

--4F 

-500 

nl 

FIWRE 2.-A nomograph designed to give the solution to the equation 
Recipildion = 1.35 QILf.0111 QQ- .10 
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USE OF T H E  FORhiULA 

In order to simplify the cornputmations involved in us- 
ing the formula, a nomograph (fig. 2) was devised which, 
wit,h two sett’ings .of a sbraightedge, perfornis all the 
necessary arit,hmet,ic. L and G are first combined by 
setting a straightedge a t  the appropriate points on lines 
I and 11. The resultant combination is found on line 111. 
Using this point and the value of Q on line IV the preci- 
pitation amount is read from line V. 

In  general the forecaster should try subjectively t’o 
incorporate other factors into the method. If, for 
example, the low pressure center associat,ed with t,he rain 
area is forecast to  pass well to the south of Washington, 
it would inclicat,e that L and G are not giving good indica- 
tions of the vertical velocity and the forecast could be 
reduced awordingly. Perhaps the 850-nib. level is very 
dry but is just above a moist layer; this fact may be used 
subjectively to increase Q. Subjective changes should 
always be considered in terms of modifications of the 
variables in the formula. 

A study of some of the large errors indicated that there 
is some difficulty wit,li those c.ases wherein the computed 
amount was very large a.nd little or no precipitat,ion was 
observed. Investigation of these cases showed unsea- 
sonably warm t,einpernt,ures and pressure pnt,t,erns more 
typical of spring or fa.11 than winter. Alt,hougli only thrre 
such cases occurred in three years of data, these atypi- 
cal factors should not, be ignored in making a forecast’. 

CONCLUSIONS AND SUGGESTIONS FOR 
FURTHER WORK 

From the limited samples used it appews possible t,o 
derive useful forecast,ing nietliods by the applicat,ion of a 
stat,istical analysis to n simple niet,eorologica.l hypot81ie.sis. 
The liypot’liesis makes it possible t’o assess the role of each 

of the variables and to use them in the manner suggested 
by theory. By so doing it is easier for the practicing 
forecaster to modify each inclividutd case to conform 
wit81i his subjective analysis of the situation and also to 
project the method further into t8he future. It, would be 
desirable tmo test tbis formula on more independent samples 
and a t  the same time search for aclditional variables. 
The patterns of surface pressure systems should contain 
valuable clues as to the amount, of upmard motion to 
be espect,ed, or sonie ineasure of the moisture a t  lower 
levels might be found useful. Notes collected on the 
successful subjective changes may give clues to such 
variables. It is strongly u r g d  that any new or different 
variables be incorporated into the system with due 
regard for their physical meaning. 
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